Optical filters to control light wavelength of displays or cameras are fabricated by multi-layer stacking process of low and high index thin films. The process of multi-layer stacking of thin films has received much attention as an optimal process for effective manufacturing in the optical filter industry. However, multi-layer processing has disadvantages of complicated thin film process, and difficulty of precise control of film morphology and material selection, all of which are critical for transmittance and coloring effect on filters. In this study, the composite TiO 2 , which can be used to control of UV absorption, coated on nano hollow silica sol, was synthesized as a coating material for optical filters. Furthermore, systematic analysis of the process parameters during the chemical reaction, and of the structural properties of the coating solutions was performed using SEM, TEM, XRD and photo spectrometry. From the structural analysis, we found that the 85 nm nano hollow silica with 2.5 nm TiO 
Introduction
he structure of hollow silica nanoparticles includes a silica shell which forms the exterior and a hollow interior. Because of this structure, hollow nano silica exhibits different physical properties compared to conventional materials, and for this reason the electronic material and biochemical material industries are actively carrying out related research.
)
Hollow nano silica is mainly utilized in research investigating drug delivery systems, and as a catalyst in reactions 2 , 3 ) as well as in display application research for refraction index control. 4 , 5 ) Meanwhile, titanium dioxide particles are being studied because of their ability to decompose organic matter, act as a photocatalyst, and as a UV absorber to decrease UV transmittance. 6 , 7 )
The hydrothermal method, precipitation method, sol-gel method, and CVD method are used to fabricate titanium dioxide particles. In particular, the sol-gel method fabricates titanium dioxide through hydrolysis and heat treatment processes, which produces small sized particles which are useful for thin film coating.
Among display materials, the optical filter is used to transmit or block specific wavelengths or a wavelength range. Such optical filters can be produced through the multi-layer thin film coating method. The multi-layer thin film coating method layers a low refractive index material and then a high refractive index material in alternating order. The properties of the film are determined by the interference of light reflected from the interface between the coating layer and the substrate. However, with multilayer thin film coating, the transmittance decreases and the wavelength blocking increases as the number of layers increases, so optimization for the application is necessary.
In this study, the high refractive index material titanium dioxide, used as a UV blocker, was applied in a shell form to the surface of hollow nano silica, which is a low refractive index material used to increase transmittance, to synthesize hollow nano silica-titanium dioxide sol to block UV. Its properties and performance for UV blocking and transmittance were analyzed.
Experimental Procedure
2.1. Synthesis of hollow nano silica-titanium dioxide sol according to titanium butoxide composition Figure 1 shows a diagram of the hollow nano silica-titanium dioxide sol fabrication process. The sol-gel method was used to produce the titanium dioxide shells of the hollow nano silica particles. In order to produce the hollow nano silica-titanium dioxide sol, ethanol base hollow nano silica sol with a size of 80 nm manufactured by Vaxan Nanochem (HS-80(E), 20 wt%, Vaxan) was purchased and T Communication used for the hollow nano silica sol solution, and titanium butoxide (TBOT) was used as the precursor of titanium dioxide. Prior to the titanium dioxide shell formation, titanium butoxide of 2.9/5.9/7.4 /8.8/14.7 mmol was added to 2.0 mol ethanol and mixed for 10 min. The hollow nano silica sol solution was diluted in ethanol to 0.1 wt% and the 0.1 wt% hollow nano silica sol solution was poured in a 3-neck reactor, mixed at 350 RPM, and heated up to 40 o C. Afterwards, a metering pump was used to drop titanium butoxide and the ethanol mixture solution simultaneously at the same rate of 3 g/min, and the reaction was carried out for 90 minutes. Then, the mixture was mixed at 350 RPM and 40 o C for 150 min of ageing in order to fabricate hollow nano silica-titanium dioxide according to the titanium butoxide content with a 6.68 pH.
Synthesis of hollow nano silica-titanium dioxide sol according to the change in pH
After fabricating the hollow silica-titanium dioxide sol according to the titanium butoxide content, within 1 week the formation of a precipitate was observed. In order to increase the stability of the hollow nano silica-titanium dioxide sol, a catalyst was added to control the hydrolysis and condensation reactions. To control the OH reaction on the titanium dioxide shell surface, and fabricate hollow nano silica-titanium dioxide particles, hydrochloric acid was added, which acted like a catalyst to suppress the agglomeration phenomenon between the hollow nano silica-titanium dioxide particles.
Before the titanium dioxide shell formation 8.8 mmol of titanium butoxide was added to 2.0 mol of ethanol and mixed for 10 min. Also, the pH was adjusted and 0/1.4/6.9/ 20.6 mmol of hydrochloric acid (HCl, 20%, Daejung) was added to 50 mL of distilled water and mixed for 10 min in order to maintain the stability of the hollow nano silica-titanium dioxide sol.
The hollow nano silica sol solution was diluted in ethanol to 0.1 wt% and the 0.1 wt% hollow nano silica sol solution was poured in a 3-neck reactor to be mixed at 350 rpm and heated up to 40 o C. Next, a metering pump was used to simultaneously drop the titanium butoxide and ethanol mixture solution and the diluted hydrochloric acid solution at the same rate of 3 g/min, to carry out the reaction for 90 min. After the reaction, the mixture was mixed at 350 RPM and 40 o C followed by ageing for 150 min to fabricate a hollow nano silica-titanium dioxide sol with a pH of 6.68/4.77/ 3.45/2.99, according to the hydrochloric acid content, with a titanium butoxide content of 8.8 mmol.
Structural and Optical Characteristics Analysis
Scanning electron microscopy (SEM, NOVA NAXO 200), transmission electron microscopy (TEM, Tecnai G2 F20S-Twin TMP), and X-ray powder diffraction (XRD, ZSX100E) were used to observe the shape and structure of the particles within the fabricated hollow nano silica-titanium dioxide sol. The optical properties of the hollow nano silicatitanium dioxide were analyzed by observations using Fluorescence Spectrometer (PL, Scinco FS-2) and a spectrophotometer (Scinco mega-800). Figure 2 shows TEM imaging that reveals the titanium dioxide shell coating on the hollow nano silica surface, and the hollow structure produced by varying the titanium butoxide content, along with the shell thickness.
Result and Discussion

Morphology of the hollow silica-titanium dioxide based on titanium butoxide control
As shown in Fig. 2(a) , the thickness of the hollow nano silica before the titanium dioxide shell coating was measured to be 6.3 nm. In Fig. 2(d) , when the titanium butoxide content was 14.7 mmol and higher the particles with titanium dioxide shells formed as multiple particles agglomerated together. In Fig. 2(b) , it was observed that the shell was not formed when the titanium butoxide content was insufficient, that is, when the titanium butoxide content was 5.9 mmol. The thickness of the hollow silica-titanium dioxide particle after the titanium dioxide shell coating in Fig. 2(c) was 8.69 nm, indicating a 2.5 nm titanium dioxide shell coating was present. Particles with spherical shapes and a hollow structure were formed. It was observed that when the titanium butoxide content was 8.8 mmol, the titanium dioxide shell had a completely spherical form and a shell was produced that covered the hollow silica surface. Moreover, regardless of the titanium butoxide content, the formation of a precipitate was observed within 1 week of the hollow nano silica-titanium dioxide sol synthesis. In order to prevent the precipitation, it was necessary to maintain the sol state in the sol synthesis and storage processes by controlling the pH.
3.2.
Morphology of the hollow silica-titanium dioxide based on pH control Figure 3 shows SEM images that reveal the shape and distribution of the particles. The titanium dioxide shell was formed on the hollow nano silica surface fabricated by controlling the pH in the formation process of the hollow silicatitanium dioxide shell with a titanium butoxide content of 8.8 mmol.
Figures 3(a) and (b) show the agglomeration phenomenon that was observed after the titanium dioxide shell coating, when the pH was 6.68 and 4.77, respectively, was observed. Figs. 3(c) and (d) , show that the agglomeration phenomenon gradually started at a pH of 3.45. The particle size was observed to be 85 nm.
The fabricated hollow nano silica-titanium dioxide was stored for 4 weeks to investigate its stability, and it was found that during storage no agglomeration occurred for the samples synthesized at pH of 3.45 and 2.99. Figure 4 shows the XRD patterns of the hollow nano silica and hollow nano silica-titanium dioxide. For the hollow nano silica and hollow nano silica-titanium dioxide, their XRD patterns were measured after drying for 6 hours at 60 o C to observe the crystal phase patterns. In the case of the hollow nano silica, a broad pattern centered on the (100) plane was observed, indicating an amorphous state, while for the hollow nano silica-titanium dioxide, a gradual decrease in the (100) plane amorphous peak of the hollow silica was observed. A comparison of the pH of 3.45 and 2.99 samples revealed that a new amorphous peak was formed at the point corresponding to the (101) plane index of the titanium dioxide near 2θ = 25°. This result indicates that a large amount of amorphous hollow silica and a small amount of amorphous titanium dioxide existed simultaneously. 3.4. Photoluminescence excitation spectra analysis of the hollow silica-titanium dioxide based on pH control Figure 5 shows PL-excitation spectra according to titanium butoxide content. In the case of the hollow nano silica, sufficient excitation was not observed to occur between 300 nm−380 nm and this result was thought to be due to weak absorption in a wide wavelength range. For the hollow nano silica-titanium dioxide, a high excitation wavelength was observed at 328 nm for titanium butoxide concentrations of 2.9 mmol and 5.9 mmol. This value corresponds to 3.78 eV, which is higher than the bandgap energy of titanium dioxide, 3.2 eV. Due to the unstable amorphous structure of the hollow nano silica-titanium dioxide, the energy level at which maximum absorption occurred was thought to have increased.
XRD pattern analysis of the hollow silica-titanium dioxide
When the titanium butoxide content was increased to 8.8 mmol and higher, the 328 nm excitation wavelength disappeared and the excitation wavelength commonly reappeared after 350 nm. This signified that absorption was maximized at the energy level corresponding to 3.54 eV and that stable titanium dioxide shells were formed on the surfaces of the hollow nano silica particles. Hence, when the titanium butoxide composition was 5.9 mmol or lower in the synthesis process, unstable titanium dioxide shells were formed, and an unstable energy level was formed within the hollow silica bandgap, and due to this bandgap, excitation appeared to occur. For the compositions of 8.8 mmol and higher, the titanium dioxide completely coated the hollow silica surface, resulting in the disappearance of the unstable energy level, which is thought to cause the additional excitation wavelength to disappear. 3.5. Optical characteristic change as coating for hollow silica-titanium thin film Figure 6 shows the wavelength absorbance based on hollow silica-titanium dioxide thickness, after bar-coating the hollow nano silica-titanium dioxide sol, which was fabricated using a sapphire substrate with a low absorbance in thin film form that transmits both the UV range and visible light. After the bar-coating, drying was carried out for 10 minutes at 120 o C and the absorbance test was conducted with the sapphire substrate as baseline and the maximum absorbance fixed to 1.0. As can be observed in Fig. 6 , although it was observed that the absorption rate in the wavelength range of 200−450 nm was not high for the hollow nano silica, it was found that the absorption in the 200− 350 nm range increased for the hollow nano silica-titanium dioxide film. As earlier discussed for the PL excitation result, the excitation wavelength was not observed in the entire range for the hollow nano silica, and this was in agreement with the result that no light absorption occurred within the material. Meanwhile, in the case of the hollow nano silica-titanium dioxide film, absorption within the material occurred for UV of high energy wavelengths of 3.54 eV and greater, and it could be considered that the absorption of 200−350 nm light increased. Also, the absorption rate for the UV wavelength range of 200−350 nm was observed to increase as the material thickness increased. This increased light absorption was thought to be due to the increase in the thickness of the hollow nano silica-titanium dioxide particles. Figure 7 shows the light transmittance of the hollow silica and hollow nano silica-titanium dioxide thin film formed on sapphire substrates.
Compared to the sapphire substrate, a decreasing trend was observed for light transmittance in the 250−350 nm wavelength range, which corresponds to UV. A transmittance of 43%, which is a 33% decrease from the 76% before the coating of the hollow nano silica-titanium dioxide, was observed at 250 nm. As discussed earlier, this result was determined to be due to a decrease in transmittance in the UV range due to the increased UV absorption of the hollow nano silica-titanium dioxide bandgap. On the other hand, the transmittance of the sapphire substrate in the visible light range wavelength of 550 nm was 85.3% and the transmittance of the hollow nano silica-titanium dioxide was 87.8%, so the visible light transmittance increased by 2.5%. This result was thought to be due to coating the hollow nano silica-titanium dioxide sol, which removed the interference of light reflected at the interfaces of the composite between the low refractive index material silica and high refractive index material titanium dioxide. 
Conclusions
In this study, the refractive index was controlled to fabricate a UV blocking optical filter that minimizes the effect of light transmittance in the visible light range using a hollow nano silica sol, which enhances the light transmittance, and titanium dioxide, which is used as a UV blocker. Properties and characteristics were evaluated using equipment including SEM, TEM, XRD, photoluminescence, and spectrophotometer.
The structural properties were evaluated to confirm the formation of hollow silica-titanium dioxide particles with a size of 85 nm, and the formation of titanium dioxide shells with a thickness of 2.5 nm.
The evaluation of optical characteristics showed that when the titanium butoxide content was increased to 8.8 mmol or higher, the titanium dioxide shell formed a stable energy level with an excitation wavelength of 328 nm, corresponding to an unstable bandgap energy of 3.78 eV which appeared when the titanium butoxide content was 8.8 mmol or lower, disappeared while the excitation wavelength reappeared after 350 nm corresponding to the stable bandgap energy of 3.54 eV. With the formation of the stable bandgap, energy absorption of 3.54 eV or higher at 200−350 nm occurred when the hollow nano silica-titanium dioxide film was coated, resulting in an increase in absorbance. Also, it was observed that the transmittance in the visible light spectrum did not decrease when the coating was applied on a sapphire substrate.
These results indicate that coating a hollow nano silicatitanium dioxide sol in a thin film form and controlling the thickness can be utilized to fabricate a UV blocking optical filter that minimizes the effect of light transmittance in the visible light spectrum.
